For the nonlinear disturbance actual issues of the model space drive mechanism two-stage spur gear system, a nonlinear dynamic model of 14-DOF (degree of freedom) two-stage spur gear with time-varying stiffness and damping was established. This model has been developed previously by the authors to access the large inertia on the dynamic response of spur gear space driving mechanism, and its effectiveness was proved by a motion simulation experiment. In this paper, the profile error (PE) and the index error (IE) were enhanced in the dynamic model. The effects of profile error, index error, and variable load torque on transmission error (TE) were analyzed, while the optimization was proposed according to the analyzed result. The peak-to-peak value of the optimized load transmission error (LTE) was reduced by 60.7%, which improved the transmission accuracy and reduced the phenomenon of disturbance. The research of nonlinear dynamical model of two-stage spur gear and the TE of the large inertia load were enriched, which provided an important reference for the actual design of the gear system.
Introduction
The gear transmission system is widely utilized in machine tools, aerospace application, ships, and wind power as well as in other fields. It is of great significance to perform dynamic modeling and failure mechanism analysis on key parts of gearbox such as gears and bearings [1] [2] [3] . The large inertia load in the space drive system has a significantly wide range of applications, because the load inertia of the entire system is relatively high compared to the transmission part, posing new problems and challenges in the transmission accuracy, life, reliability, and safety of the spacecraft transmission system. The main difference between the gear system and other mechanical systems is the corresponding internal excitation. Three types of internal excitation exist in the gear system: stiffness excitation, error excitation, and meshing shock excitation. The PE and IE caused by gear machining are the main error incentives for the gear system.
At present on the gear system modeling, it is necessary to establish a nonlinear time-varying dynamic model including time-varying stiffness [4] and transmission error. Junguo Wang [5] studied the torsional vibration model of a singlestage spur gear drive system, analyzing the effect of stiffness on the dynamic behavior of the locomotive gear transmission system. Lassâad Walha [6] and Kamel Abboudi [7] established a 12-DOF nonlinear dynamic model for the two-stage gear system, only considering the gear system itself without the effects of input and output in the model. Parker [8, 9] and Fernández [10] established a finite element model of gear transmission, based on the finite element contact mechanics theory. Wu [11] established a dynamic finite element model of the gear transmission system based on finite element analysis software. To improve the accuracy of time-varying mesh stiffness, a universal gear profile equation that references the actual manufacturing process was applied to calculate the meshing stiffness by Lingli Cui [12] .
The analysis of the dynamic characteristics of the large inertia load space drive mechanism is less relevant in the theoretical research, which mainly utilizes simulation technology for both analysis and research. Tianfu Yang [13] considered the impact of a high reduction ratio and studied the dynamic characteristics of the space manipulator, whereas the characteristics of the large inertia load were not analyzed. Zhigang Xu [14] proposed an equivalent simulation method for an excessively large inertia load, simulating the large moment of inertia required by the space manipulator and verified the effectiveness of the method by numerical simulation under different working conditions. Chen Shiqi [15] established a bending-torsion coupling nonlinear dynamic model of a low speed overload planetary gear drive system with friction and studied the effect of friction on the nonlinear dynamic behavior of a low speed overload gear transmission. Ahmed Hammami [16] developed a model of planetary gear torsional concentrated parameter with dynamic recirculation and studied the nonlinear behavior under variable load conditions. In this paper, the large inertia load space drive mechanism gear reduction system was utilized for the driving of a satellite sun wing. Since the sun wing is required to be changed in real time, according to the position of the sun, the mechanism is required to start and stop frequently at low speed. An apparent phenomenon of disturbance when the mechanism is stopped exists. Therefore in this paper, the effects of large inertia load torque on the system were focused on.
The effects of error incentives on the system and the relationship between the gear machining errors and the system dynamic characteristics can provide guidance for the determination of the accuracy grade in the gear design and the selection of the machining method. Fernández [17, 18] added profile and pitch errors in the dynamic model, executing tooth profile modification, and validated the validity of the model through the examples simulation under different torques. A gear dynamics test set-up with integrated root strain and dynamic transmission error measurement systems was described by M.A. Hotait [19] , in which dynamic factor and dynamic transmission error measurements from both unmodified and modified spur gears were presented and the corresponding relationship was demonstrated experimentally. Tengjiao Lin [20] utilized the finite element modeling to obtain the machining and assembly errors of the gear system, which was applied to the kinetic model, and the dynamic transmission error was calculated. Guangjian Wang [21] proposed the theoretical calculation equation of the no-load transmission error and studied the load variation frequency effect on the transmission error curve.
On the basis of extensive reading relevant literature, in certain studies, the no-linear factors such as PE and IE in the dynamic model were not considered, whereas in other studies the TE of the system was not analyzed. Moreover, in other studies, the large inertia load was not taken into account. For these deficiencies, in this article, the effects of various factors were considered as much as possible, and the simulation model and the actual operation of the gear were attempted to be made consistent. To improve the gear system transmission accuracy and reduce the disturbance of the gear system, the gear reduction system of the large inertia load space drive mechanism was considered as the research object. The dynamic model of the gear system was established, where it was analyzed by static and dynamic analysis methods. The results were achieved through the effects analysis of all PE, IE, and load torque on the TE. Then, the machining accuracy grade and input torque of the gear system were optimized, according to the analysis results.
Nonlinear Dynamic Model of Two-Stage Gear
The dynamic modeling of a two-stage spur gear reduction system for a large inertia load space drive mechanism was carried out. In this case, the quality, the moment of inertia, the radius, and the average meshing stiffness of each gear were assumed to be evenly distributed along the center wheel, and the system damping was assumed to be elastic damping. The mutual sliding between the teeth was ignored, whereas the engaging force acted in the meshing surface and perpendicularly to the tooth contact line. The system was simplified, as presented in Figure 1 . The power transmission process is represented by the blue arrow. The motor was connected to the input of the input axis, where the input axis torsional stiffness was 1 and the input torque of the motor was 0 . The output axis torsional stiffness was 3 and the resistance torque of the output load was 5 . The rotational inertia of the four gears of the gear system was 1 , 2 , 3 , and 4 . The time-varying meshing stiffness between gears 1 and 2 was 1 , while between gears 3 and 4 it was 2 . The mid axis torsional stiffness between gears 2 and 3 was 2 .
The parameters of the two-stage gear drive system are presented in Table 1 .
With the time-varying meshing stiffness of the two-stage gear system, the radial displacement of the gears, and the PE and IE consideration, to establish the dynamic model of the system, the following assumptions were utilized:
(1) The bearing friction was ignored, where only in the load side a load resistance torque was added.
(2) The input torque of the motor was assumed to be constant and the torque ripple was ignored.
(3) Gear engaging force was always in the direction of the meshing line.
The torsional vibration model of the 14-DOF two-stage spur gear system is presented in Figure 2 , including the torsional displacement vibration in 6 directions and the radial displacement vibration in 8 directions.
According to Newton's second law and the related dynamics knowledge, the dynamic equations of the aforementioned two-stage spur gears are established as follows. Reader should check previous works, such as [22] , for a more detailed description of the dynamic model and its validation.
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where is the quality of each gear, = 1, 2, 3, 4; is the base radius of each gear, = 1, 2, 3, 4; is the moment of inertia of each gear, = 1, 2, 3, 4; 0 , 5 are the moment of inertia of motor and load; 0 , 5 are the input torque of motor and load resistance torque;
, are the torsional stiffness and damping coefficient of input, mid, and output axes, = 1, 2, 3;
, are the radial stiffness of x-axis and y-axis direction of each bearing, = 1, 2, 3, 4;
, are the damping coefficient of x-axis and y-axis direction of each bearing, = 1, 2, 3, 4;
, are the displacement of x-axis and y-axis direction of each bearing, = 1, 2, 3, 4;
is the rotation angular displacement of input axis, each gear and output axis, = 0, 1, 2, 3, 4, 5;
is the transmission error of gear pair , = 1, 2; is the linear time-varying meshing stiffness of gear pair , = 1, 2;
is the linear time-varying damping coefficient of gear pair , = 1, 2.
Profile Error and Index Error
Affected by gear machining and machine tool accuracy, a certain deviation exists between the actual and the theoretical tooth profile. The actual tooth surface error of spur gear constitutes a comprehensive error, which can be broken down into multiple errors as PE (involute tilt deviation and form deviation ) and IE. In this case, based on the gear meshing theory, with the PE and IE consideration as an example, the impact on the transmission error was studied. Both PE and IE are presented in Figure 3 .
Profile Error.
The PE of a tooth could be deduced and consequently expanded into a periodic function, which approximates the tooth profile deviation. Mucchi et al. [22] proposed an equation for the tooth profile deviations descriptions, as presented in
where is the roll path length; is the maximum curvature radius of tooth profile;
0 is the minimum curvature radius of tooth profile; is the ratio of total length of each tooth profile and cycle of PE.
With the ℎ and consideration for the PE tolerance, the specific values could be observed in Table 1 . To simplify the calculation, the was taken as 1. With a randomly initial phase given, according to Table 1 and (5), the PE curve of four gears could be obtained, as presented in Figure 4 .
Index Error.
The IE was different from the PE, while the IE of each tooth was a fixed constant. Therefore, the IE was discretized and periodic, which can be expressed as the sum of the nth harmonic, as presented in the following equation [17] :
where is the number of harmonics; is the angle of rotation of gear; is the teeth number of gear; is the amplitude of IE. The floor function constitutes a discrete function, which could return the highest integer that was less than or equal to the specified expression. In this manner, the IE of each tooth in the gear could be obtained. With as the tolerance of cycle accumulated deviations consideration, the specific values could be observed in Table 1 . To simplify the calculation, for the IE in this paper, the first harmonic was considered only. Given an initial phase randomly, according to (6) , the IE curve of four gears could be obtained, as presented in Figure 5 .
Static Analysis
To produce a preliminary evaluation of the two-stage spurspace-driven characteristic mechanism, the gear system was first analyzed statically.
To compare the effects of PE and IE on the overall transmission error of the gear system, only one of the deviations was considered, whereas the time-domain and frequencydomain curves of the TE were obtained, as presented in Figure 6 . The amplitude of the TE was low when the PE was considered only, whereas the spectrum was mainly concentrated on the gear meshing frequency and the corresponding frequency multiplication. The amplitude of the TE was higher when the IE was considered only, whereas the spectrum was mainly concentrated on the gear rotation frequency, the gear meshing frequency, and the corresponding frequency multiplication. According to the TE spectrum and timedomain curve, it was easy to identify the two types of errors.
For the effects comparison of gear pairs 1 and 2 on the TE of the gear system, the static simulation was considered in each one and the TE curve was obtained, as presented in The amplitude change of gear pair 2 was significantly pronounced compared to gear pair 1. Consequently, the gear pair 2 would cause system disturbance quite easily.
Dynamic Analysis
The dynamic simulation results of LTE under the default speed and load torque are presented in Figure 8 , simultaneously compared to static simulation results. The LTE curves obtained by the two simulation methods were basically the same in the trend, whereas the amplitude of dynamic simulation was an order of magnitude higher than the static simulation amplitude. The DTE curve contained additional information and the waveform was significantly complex, because the dynamic model contained the factors of backlash, time-varying stiffness, friction, and damping. Certain fluctuations in the STE became less noticeable in the DTE, because the large inertia load had the capability to absorb the disturbance. Consequently, the transmission error curve became smooth. Therefore, a big difference existed between the dynamic and static simulations. Subsequently, it was necessary for the dynamic simulation analysis of the gear system to be conducted.
LTE at Different Torque.
In this paper, the study of large inertia load space drive mechanism gear system was utilized for the satellite sun wing drive. Due to the sun wing requirement for the angle change according to the sun's position in real time, this mechanism was required to start and stop frequently at low speed. The inertia of the solar wing was high, so the load torque of the system was required to frequently change during the operation. This was the cause of the gear system disturbance. Therefore, it was necessary to analyze the load torque of this mechanism. The LTE curves under different torques were compared, as presented in Figure 9 .
It could be observed from Figure 9 that the cyclical change trend of the load transmission error under different torques is the same. As the torque increased, the amplitude of the load transmission error shifted downwards. This was consistent with the results in the literature [18] . This verified the correctness of the dynamics model. In literature [18] , it was mentioned that the increase in load torque increased the peak-to-peak value of LTE, which was not apparent in this case. This occurred due to the low rated load torque.
From the aforementioned analysis, the load torque change had a high effect on the LTE. The dynamic simulation of the variable load torque was executed for further analysis. In the premise of ensuring that the average load torque was constant, the linearly varying torque and the sinusoidal variation of the torque were simulated, as presented in (7) and (8) and = 1/2 ). The simulation results were compared to the LTE under default torque, as presented in Figure 10 . The linearly varying torque and the fixed torque transmission error curve were basically the same; the change was not apparent, whereas the sinusoidal variation of torque significantly reduced the overall peak-to-peak value of the LTE. The load torque was affected by the input torque. Consequently, the change of the load torque could be achieved by changing the input torque in the practical application.
where is the default load torque; is the rotation angle of input shaft;
is the simulation time; is the amplitude of sine load torque; is the frequency of sine load torque. From the aforementioned analysis, it could be observed that the sine-changing load contributed in the LTE amplitude reduction and reduced the disturbance of the gear system. In order to obtain the optimal scheme, the sine change scheme under different parameters was compared, as presented in Figures 11-14 .
In Figure 11 , the amplitude of the sine load torque was changed in the case of ensuring that the load torque average and the frequency were constant (frequency taken as = 1/2 ). Since many curves existed, it was not significantly apparent. To make the results more intuitive, the peak-topeak value of the LTE at different amplitudes was extracted, as presented in Figure 12 . It could be observed from Figure 12 that the overall peak-to-peak value of the LTE decreased first and then increased as the amplitude increased. When the amplitude of the sinusoidal load torque was 0.2 Nm, the overall peak-to-peak value of the LTE was minimized.
The amplitude remained at 0.2 Nm and the frequency of sine load torque changed. First, the rotation frequency of the input axis was selected, along with the middle axis and the meshing frequency of gear pairs 1 and 2. Then, the frequency was selected at 1/8 , 1/4 , 1/ , and 2/ , where, respectively, it was compared to = 1/2 . Through the LTE comparison under various parameters, the = 1/2 was the best frequency and the overall peak-to-peak value of the LTE was the lowest, as presented in Figures 13 and 14 .
Effect of PE and IE Parameter Changes on LTE.
From the static analysis of Part 3, it could be observed that gear pair 2 was more likely to cause the disturbance of the gear system. In order to simplify the calculation, the error of gear pair 2 was considered only. Respectively, as the amplitude parameters of PE and IE increased or decreased, the LTE curves are presented in Figure 15 .
As it could be observed from Figure 15 , the IE affected the overall amplitude of LTE. Although the IE reduction reduced the DTE magnitude, a slight impact on the number of fluctuations existed. The PE reduction significantly reduced the volatility number of the DTE, which contributed to the disturbance reduction of the gear system. In the actual design of the gear system process it is possible to reduce PE through the gear accuracy level improvement.
Optimum Design Scheme of Gear System with Large Inertia Load
According to the static and dynamic analyses, the optimal design scheme was put forward. The default accuracy level was 6-h, which could be observed from Table 1 . The accuracy level of gear pair 2 was increased to 5-h and the partial parameters of gear pair 2 are presented in Table 2 . Through the input torque control, the load torque changed as presented in (8) in the sine form, where the sine parameters were taken as = 0.2 , = 1/2 , and = 0.05 . The DTE values of the load prior to and following optimization were compared, as presented in Figures 16 and 17 . The overall peak-to-peak value of LTE of the optimized gear system was reduced by 60.7%, which improved the gear system transmission accuracy of the space drive mechanism. In the frequency domain presented in Figure 17 , the frequencies corresponding to the numbers 1 to 5 represented the rotation frequency values of the intermediate shaft, the intermediate shaft double frequency, the rotation frequency of the input shaft, the meshing frequency of gear pair 2, and the meshing frequency of gear pair 1. The amplitudes of the rotation frequency of the input shaft, the rotation frequency of the intermediate shaft, and the corresponding double frequency were high before optimization, which was the main cause of the disturbance phenomenon. Following optimization, the amplitudes of these frequencies were highly reduced, where the rotation frequency of the input shaft decreased the most. The meshing frequency of gear pair 2 itself was not high, which was slightly reduced after optimization. The amplitude of the meshing frequency of gear pair 1 was too low to be apparent in the figure. The amplitude-frequency curves prior to and following optimization demonstrated that the optimization scheme could effectively reduce the disturbance of the gear system.
Conclusions
(1) A nonlinear dynamic model of 14-DOF motion of spur gear with time-varying meshing stiffness and damping was established for the study of LTE, which included the torsional displacement vibration in 6 directions and the radial displacement vibration in 8 directions.
(2) The PE and IE were extended in the dynamic model, whereas the static analysis of the gear system was executed. The results demonstrated that the amplitude difference of the TE caused by gear pair 2 was significantly apparent compared to gear pair 1, which was more likely to cause the system disturbance.
(3) The dynamic analysis of the gear system was executed and the TE under different load torques was compared. The results demonstrated that the load torque had a high effect on the TE of the gear system. When the load torque changed to the sinusoidal form, the overall peak-to-peak value of LTE was minimal. The LTE values of different sine parameters were compared and the optimal parameters are obtained.
(4) According to the results of static and dynamic simulations, the optimal design scheme was put forward. The optimized TE curve was compared to the TE curve before optimization, whereas the overall peak-to-peak value of the transmission error was reduced by 60.7%, which in turn improved the transmission accuracy and reduced the disturbance phenomenon.
(5) In this paper, the nonlinear dynamic model research of the two-stage spur gear and large inertia load TE was enriched, providing an important reference for the actual design of the gear system. In further study, the correctness of the optimization scheme will be verified through experiments and some advanced signal processing methods in the analysis of gearboxes would be considered. 
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